Background-HIV-infected individuals are at increased risk of neurocognitive impairment compared to the general population. Studies suggest that, despite combination antiretroviral therapy (cART), HIV infection causes immune activation which results in neural damage; however, few data exist in HIV-infected youth.
INTRODUCTION
The general term describing the spectrum of neurocognitive dysfunction seen in HIVinfected individuals is referred to as HIV-associated neurocognitive disorders (HAND). The overall reported prevalence of HAND varies from 25-60%, ranging from mild to severe, and occurs in both children and adults 1, 2 . The neurocognitive domains that are affected include processing speed, attention, executive functioning, expressive language, memory, visuospatial, and motor skills [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Combination antiretroviral therapy (cART) has dramatically affected the HIV pandemic by reducing the incidence of AIDS-related morbidity and mortality, including the most severe forms of HAND (e.g. AIDS-related dementia). The prevalence of milder forms of HAND, however, has actually increased in HIV-infected adults in the post-cART era 13, 14 . Multiple studies demonstrate that even adults with well-controlled HIV infection develop HAND, suggesting that antiretrovirals (ARVs) alone are not enough to prevent and/or treat this complication [14] [15] [16] . Given the increased life expectancy among HIV-infected individuals, the development of HAND has serious implications for long-term quality of life 13 HIV-associated neurocognitive disorders are proposed to be partly due to increased immune activation that causes neural damage 17, 18 . HIV-infected monocytes give rise to macrophages which cross the blood-brain barrier. These macrophages are believed to serve as the predominant source of HIV in the CNS and are capable of producing large quantities of infectious virions in untreated HIV infection 19 . Even with cART, however, some studies have demonstrated that HIV persists in monocytes and has significant reactivation potential 20 . This potential reservoir for latent virus production may produce a low-level viral replication that causes increased immune activation even in individuals without detectable virus in blood and contributes to HAND 21 . For example, monocyte activation, as evidenced by expression of the CD14+ and CD16+ double-positive phenotype, as well as increased plasma levels of soluble CD14 and CD16 (sCD14, sCD16) are associated with impaired neurocognitive test performance in HIV-infected adults [22] [23] [24] [25] [26] [27] [28] . Similarly, these activated cells of the immune system release pro-inflammatory cytokines and other neurotoxic molecules that likely also contribute to neuronal injury 29 . neurodevelopment 7 . In contrast to adults who possess a fully mature and myelinated nervous system, children and young adults are at a particularly increased risk for central nervous system (CNS) insults 8 . In fact, data suggest that brain development continues well into the third decade of life 30 , and thus, data from adult HIV populations cannot be automatically extrapolated to this younger population. To date, however, few studies have investigated neurocognitive impairment and immune activation in the pediatric HIV population and reported rather conflicting data 31, 32 .
Thus, the primary purpose of this study was to comprehensively investigate the relationship between neurocognitive performance and markers of T-lymphocyte and monocyte immune activation among HIV-infected youth on cART with virologic suppression. The secondary objective included investigating the differences in neurocognitive performance among this HIV-infected population compared to a healthy control group. We hypothesized that higher levels of immune activation would be associated with poorer neurocognitive performance in HIV-infected youth and that this population would have worse neurocognitive performance compared to healthy controls. These mediators of HIV-related CNS injury may serve as biomarkers which would allow us to identify those at highest risk for this complication and to potentially develop strategic interventions beyond cART in this vulnerable population.
METHODS

Study Design/Population
This was a prospective, cross-sectional study, investigating levels of immune activation and relationships to neurocognitive performance in HIV-infected youth and healthy controls. For the HIV-infected group, subjects were 8-26 years of age with documented HIV-1 infection on stable cART for ≥12 weeks prior to enrollment with ≥6 months cumulative duration of ART, and HIV-1 RNA blood level <1,000 copies/mL. Controls were recruited from similar geographic and socioeconomic areas as the HIV-infected group, thereby decreasing the risk of potential confounders, and with an aim of achieving a group with similar characteristics as the HIV-infected subjects in terms of sex, race, and age. Documentation of absence of HIV infection was obtained in controls ≥13 years of age prior to study inclusion with OraQuick Advance Rapid HIV Test (OraSure Technologies, Inc., Bethlehem, PA, USA). Exclusion criteria for both groups included any diagnosis of encephalopathy (past or present), cerebral palsy, or other known documented neurologic deficit, acute illness or inflammatory condition unless complete resolution ≥30 days prior to enrollment, malignancy, or medication use (e.g. chemotherapy agents, systemic steroids) which could affect results. A previous diagnosis of a mental health disorder, such as depression, was not exclusionary for either group.
The study was reviewed and approved by the Institutional Review Boards of Emory University and Grady Health System. All parents or legal guardians and subjects ≥18 years of age gave written informed consent to participate in the study. Subjects aged 17 years of age signed a written consent along with their parent or legal guardian. Subjects between the ages of 8-10 years gave verbal assent and those 11-16 years gave written assent.
Study Assessments
Clinical and laboratory evaluations-For both groups, relevant data were obtained by questionnaire, including demographics, current and past medical and mental health history, drug habits, educational/vocational and employment background, and household socioeconomic information. Information was also collected from the HIV-infected subjects' medical records including past and current medical diagnoses, CD4+ nadir, detailed past and current ARV and non-ARV medication use, HIV diagnosis date, and acquisition method (perinatal or horizontal). Laboratory data from the HIV-infected subjects' routine HIV monitoring visits were recorded, including CD4+ cell count and HIV-1 RNA level.
Neurocognitive assessment-Neurocognitive performance was evaluated with the well-validated Wechsler Intelligence Scale [33] [34] [35] . The Wechsler Intelligence Scale for Children-Fourth Edition (WISC-IV) was utilized for subjects between 8-16 years old, and the Wechsler Adult Intelligence Scale-Fourth Edition (WAIS-IV) was utilized for subjects ≥17 years old. These directly comparable test batteries derive a full-scale composite intelligence quotient score (FSIQ) as well as individual scores in the subcategories of verbal comprehension, perceptual reasoning, working memory, and processing speed. These scores are standardized based on the U.S. population (mean = 100; standard deviation (SD) = 15). In general, scores are classified as very superior (≥130), superior (120-129), high average (110-119), average (90-109), low average (80-89), borderline (70-79), extremely low (≤69). Psychological assessments were performed by independently-licensed psychologists who were blinded to subjects' HIV serostatuses.
Immune activation assessment-CD4+ and CD8+ T-cell and monocyte activation were assessed via flow cytometry. All flow cytometry staining was performed on cryopreserved peripheral blood mononuclear cells that were thawed in a 37°C water bath and used immediately. Multi-parametric flow cytometric analysis was performed on these cells according to standard procedures, and the following panel of fluorochrome-labeled antibodies was used: anti-CD3-Alexa 700 (clone SP34-2), anti-CD8-allophycocyanin (APC)-Cy7 (clone SK1), anti-CD16-APC (clone 3G8), anti-CD38-phycoerythrin (PE) (clone HIT2), anti-CD86-fluroescein isothiocyanate (FITC) (clone FUN-1), and anti-HLA-DR-peridinin chlorophyll protein (PerCP)-Cy5.5 (clone G46-6) (BD Bioscience, San Jose, CA), anti-CD4-Pacific Blue (clone OKT4), and anti-CD20-Brilliant Violet 650 (clone 2H7) (Biolegend, San Diego, CA), anti-CD279 (PD-1)-PE-Cy7 (clone J105) (eBioscience, San Diego, CA), anti-CD14-ECD (RMO52) (Beckman Coulter, Brea, CA), and Live/Dead Fixable Aqua (Invitrogen, Carlsbad, CA). Flow cytometric acquisition was performed on an LSRII cytometer driven by FACS DiVa software and analyzed using FlowJo software (Treestar, Ashland, OR).
Monocytes were identified by size and granularity, then as CD3−, CD20−, CD8−, CD4dim before being categorized into subsets by CD14 and CD16 expression: CD14+CD16− (classical), CD14+CD16+ (pro-inflammatory), and CD14dimCD16+ (non-classical/ patrolling). T-cells were identified by size and granularity, as well as CD3+ and CD4+ or CD8+. T-cell activation levels were assessed by CD38 and HLA-DR expression.
Plasma levels of soluble markers of immune activation were also measured, including sCD14 and sCD16, by enzyme-linked immunosorbent assay (ELISA) using Human CD14 DuoSet (R&D Systems, Minneapolis, MN) and anti-CD16 antibody (Abcam, Cambridge, MA), respectively. Median intra-assay and inter-assay coefficients of variance were <9% for both assays.
Statistical Analysis
Subject characteristics are described by study group. Continuous measures are described by median/quartile (Q) 1, 3, and nominal variables are described with frequency/percentage. Normally-distributed variables were compared using Student's t-tests, and non-normallydistributed variables were compared using Wilcoxon rank sum tests.
Correlations between WISC/WAIS-IV scores and variables of interest within the HIVinfected group were assessed using Spearman correlation coefficients for continuous variables. Appropriate two-sample tests were used to assess marker differences in subgroups for dichotomous variables (e.g. male vs. female). Multiple linear regression was used to explore possible associations between neurocognitive performance scores and variables which showed the most significant associations and/or potential relevance.
Evaluation of the relationship between neurocognitive performance and markers of immune activation was considered exploratory; no power calculations were determined. Statistical analysis was conducted using SAS 9.2 (The SAS Institute, Cary, NC). Statistical significance was set at the 0.05 level.
RESULTS
Subject Characteristics
A total of 66 subjects were enrolled, including 45 HIV-infected subjects and 21 healthy controls. Table 1 shows subject demographic and clinical characteristics. HIV-infected and control subjects were well-matched in terms of sociodemographic factors. All but two HIVinfected subjects had an HIV-1 RNA level <80 copies/mL, which was the highest cut-off among the different assays used in the clinical laboratories to define an "undetectable" HIV-1 RNA. These two subjects had an HIV-1 RNA level of 90 and 630 copies/mL, respectively.
Markers of CD4+ and CD8+ T-cell activation were higher in the HIV-infected subjects compared to controls. There were no differences in proportions of inflammatory (CD14+CD16+) or patrolling (CD14dimCD16+) monocytes between groups; however, plasma levels of both sCD14 and sCD16 were higher in the HIV-infected subjects.
Neurocognitive Testing
There were no significant differences in the median (Q1, Q3) scores between the HIVinfected subjects and healthy controls for verbal comprehension (HIV+: 89 (77, 96) vs. controls 91 (76, 106); P=0. 33 . Only working memory reached statistical significance. Percentage of subjects with a score ≤89 was higher among the controls for processing speed but was not statistically significant (HIV+: 36% vs. controls: 38%; P=0.84).
Relationships between Neurocognitive Scores and Variables of Interest
Associations between neurocognitive performance and variables of interest among HIVinfected subjects are shown in Table 2 . A significant negative correlation was found between HIV duration and 3 of the 5 categories (verbal comprehension, working memory and FSIQ) ( Figure 2 ); whereas, ART duration had a significant negative correlation with only working memory and FSIQ. None of the neurocognitive performance categories were significantly correlated with age, CD4 nadir, CD8+ activation (% CD8+CD38+HLA-DR+), inflammatory (CD14+CD16+) or patrolling (CD14dimCD16+) monocytes, or sCD16. On the other hand, % of T-cells expressing the activated phenotype, CD38+HLA-DR+, was negatively correlated with verbal comprehension. Likewise, a higher plasma level of sCD14, a soluble marker of monocyte activation, was negatively associated with both verbal comprehension and FSIQ ( Figure 2 ).
Subjects with perinatal transmission of HIV had significantly lower neurocognitive scores for the same domains as were associated with HIV duration: verbal comprehension, working memory and FSIQ. Males had significantly higher scores compared to females for verbal comprehension, perceptual reasoning, and FSIQ, and non-blacks had a significantly higher score for processing speed. Subjects who reported current marijuana use also had significantly higher scores for working memory, processing speed, and FSIQ. On the other hand, scores for subjects with a prior AIDS diagnosis were not statistically different than scores from subjects without a diagnosis.
Multivariable regression models were created for each of the 5 testing categories, using the same variables for each model (% CD4+CD38+HLA-DR, sCD14, HIV duration, age, male sex, and current marijuana use ( Table 3) ). For verbal comprehension, sCD14 was the only significant variable in the model with HIV duration trending toward significant, where a lower sCD14 concentration and a shorter HIV duration was associated with a higher score. For processing speed, % CD4+CD38+HLA-DR was the only variable significant in the final model, where a lower % of CD4 activated cells was associated with a higher score, and current marijuana use trended toward significant, where current use was associated with a higher score. Male sex and a younger age were significantly associated with a higher score for perceptual reasoning, and HIV duration was the only variable significant for both working memory and FSIQ (i.e. a shorter HIV duration was associated with higher scores).
For all models, mode of HIV transmission (perinatal vs. horizontal) was substituted in place of HIV duration and the analysis re-done. In all cases, HIV duration was statistically stronger, and mode of transmission was not significantly significant in any model (data not shown).
The beta-coefficients +/− standard errors of selected variables from the regression models were also plotted relative to a null effect to allow comparison across the neurocognitive testing categories (Figure 3) .
DISCUSSION
In this current study, we investigated the relationship between neurocognitive performance and markers of T-lymphocyte and monocyte immune activation among HIV-infected youth on cART with virologic suppression. HIV-infected youth demonstrated increased immune activation compared to controls with higher peripheral concentrations of CD4+ and CD8+ Tlymphocyte activation. Soluble CD14 and sCD16 were also higher in the HIV-infected group, although monocyte subpopulations did not differ between groups. In univariate analysis, sCD14 and % CD4+CD38+HLA-DR+ were both inversely correlated with verbal comprehension in the HIV-infected group, and sCD14 was also inversely correlated with FSIQ. In the multivariable regression models, a lower sCD14 was independently associated with a higher verbal comprehension score, and a lower % CD4+CD38+HLA-DR+ was independently associated with a higher processing speed score.
Applying a well-validated comprehensive neurocognitive testing battery, we did not detect any statistically significant differences in scores between the HIV-infected group and the healthy uninfected controls. However, there were indications that the HIV-infected subjects had subtle impairments compared to the controls. For example, scores for the HIV-infected subjects were all in the low-average range compared to the average range among the controls, and the proportion of HIV-infected subjects in the low-average or below range was higher than the controls in all categories, but processing speed. The lack of statistically significant findings in all domains except working memory may reflect a small sample size; however, it may also demonstrate some improvement or a change in the pattern of neurocognitive impairment that accompanies cART-induced virologic suppression. This finding is supported by data from other studies in the adult and pediatric HIV populations 16, 36 .
While our findings suggest that cART may modestly improve or change the pattern of neurocognitive impairment, it does not appear to restore neurocognitive function to normal. Thus, other etiologies are likely at play in the setting of virologic suppression. In HIVinfected adults, the increased immune activation associated with HIV infection has been implicated as a primary factor [19] [20] [21] . It is postulated that infected monocytes cross the bloodbrain barrier and establish reservoirs which serve as sources of ongoing CNS viral replication and immune activation ultimately leading to neural damage 17, 19, 37 . Monocyte activation, as evidenced by increased expression of the CD14+ and CD16+ phenotype and increased plasma levels of sCD14 and sCD16, has been associated with impaired neurocognitive performance in HIV-infected adults.
Little data exist in HIV-infected youth. To date, only one study has investigated T-cell activation and neurocognitive performance in HIV-infected children 32 , and only one study has investigated activated monocyte phenotypes. 38 Both studies suggested that immune activation may actually provide a neuroprotective effect in the pediatric population. This is in stark contrast to the data in the adult population that shows deleterious effects of immune activation on the CNS [39] [40] [41] . Both pediatric studies evaluated relatively young children (median age 6-7 years) with perinatal HIV who had only been on cART for a relatively short period of time or who were not on therapy. Given that our HIV-infected population was considerably older (median age 19 years) and included horizontally-infected youth, it is likely that our finding of increased immune activation and neurocognitive impairment more closely resembles that seen in the adult population. Future studies specifically investigating perinatally-infected young adults would perhaps help elucidate the pathogenesis behind this discrepancy.
Interestingly, we did not find any significant correlations with the monocyte cell phenotypes associated with immune activation and any of the neurocognitive testing domains. The reason for the lack of between-group differences in monocyte subpopulations is unclear, but may be related to the fact that HIV-infected subjects were virologically-suppressed, on stable cART, and had subtle forms of HAND. This finding is supported by the fact that the highest concentrations of activated CD14+CD16+ monocytes have been found in patients with HIVassociated dementia rather than milder forms of neurocognitive impairment and examined subjects who were not on adequate ART or virologically-suppressed. 26, 42 Likewise, increased sCD14 levels have been associated with neurocognitive impairments in HIVinfected adults 25, 28 .
Multivariable regression analyses revealed that HIV duration was arguably the variable most associated with neurocognitive performance, where a longer HIV duration was associated with impaired neurocognitive impairment, consistent with studies in adults 43 . One could postulate here, however, that HIV duration is merely a surrogate marker for perinatal HIV transmission since this group in general would have a longer duration of disease. However, mode of transmission was not significant in any regression model. One reason for this discrepancy may be because, in general, continuous variables have more statistical power than dichotomous variables. On the other hand, HIV duration may merely be more associated with neurocognitive functioning than mode of transmission.
Similarly, if cART-induced virologic suppression is associated with improved neurocognitive performance, then one would expect that a longer duration of cART would be associated with higher scores (which is the opposite of what we observed). This is probably because the cART variable suffered confounding from other factors, such as HIV duration. Likewise, males showed better scores than females in several domains in bivariate analysis, but this difference was not significant in the multivariable regression models. Males were statistically older than females with a shorter HIV and ARV duration (data not shown). This reflects the high proportion of males in our study who acquired HIV via high-risk homosexual activity later in life and have had HIV for a relatively short period of time.
Another interesting finding was the significant, positive association in HIV-infected subjects between marijuana use and 3 neurocognitive domains (and a trend toward significance in one of the regression models). Historically, marijuana use has been associated with impaired memory and other measures of neurocognitive functioning 44, 45 . However, recent evidence has emerged which indicates that agonists of the cannabinoid receptor type 2 (CB 2 ) have therapeutic potential in a variety of pathologic conditions involving chronic inflammation and immune activation, including HIV-1 infection [46] [47] [48] [49] [50] . It is unclear from our data if marijuana use actually provided a neuroprotective effect or if it too showed confounding from other factors. Further studies are warranted to investigate this potential therapeutic role in the HIV-infected population 51 .
Despite the interesting findings, our study suffered from some limitations worth mentioning. These include a relatively small number of HIV-infected subjects which may have misrepresented the actual prevalence of neurocognitive impairment in this population, and due to the cross-sectional design, causality cannot be implied from the associations demonstrated. The fact that some variables were associated with some but not all neurocognitive domains may also reflect these same issues. Likewise, despite well-matched groups, it is possible that results were confounded by unmeasured environmental factors.
Our study population was also mostly African American, and, thus, the generalizability to other races cannot be assumed. Finally, only peripheral blood was utilized. Many studies on the pathophysiology of HAND in adults are now focusing on measurement of biomarkers in the CSF as a potentially more accurate representation of immune activation in the CNS.
A growing body of evidence supports the high prevalence, etiology, and implications of HAND in the adult HIV-infected population, but few studies have evaluated this potentiallydevastating complication in HIV-infected youth in the post-cART era. The current goal of HIV treatment is long-term virologic suppression to decelerate disease progression and minimize the risk of co-morbidities. Thus, we chose to focus our evaluation on HIV-infected youth on cART with undetectable or very low-level viremia. This study provides evidence of below-average performance among virologically-suppressed HIV-infected youth on measures of neurocognitive function with heightened immune activation likely playing a role. To date, our study is the first to demonstrate the relationship between increased immune activation and worse neurocognitive performance in HIV-infected youth. As youth ages 13-24 years old comprise one of the fastest growing populations of newly-infected HIV-infected individuals in the United States 52 , ramifications of unrecognized HAND could be immense. Thus, more studies investigating the etiology, pathogenesis, and possible treatments of neurocognitive impairment in this younger population are urgently needed. Targeting this vulnerable population offers a unique opportunity to identify those most at risk for poor neurocognitive outcomes and develop potential strategies to mitigate neurological damage while neurodevelopment is still occurring. Table 2 Relationships between Neurocognitive Performance and Variables of Interest for HIV-infected Subjects. 
A. Correlations between Neurocognitive Performance and Variables of Interest
